The nitrogen starvation response in Escherichia coli is characterized by the enhanced expression of Ntr regulon, comprising hundreds of genes including the one coding for nitrogen-assimilating glutamine synthetase (GS) enzyme. The biosynthesis and activity of GS is regulated mainly by nitrogen and carbon levels in the cell and monitored by three functionally separable interconnected modules. Here, we present the steady-state modular analysis of this intricate network made up of a GS bicyclic closed-loop cascade, a NRII-NRI two-component system, and an autoregulated glnALG operon encoding genes for GS, NRII, and NRI. Our simulation results indicate that the transcriptional output of glnALG operon is discrete and switch-like, whereas the activation of transcription factor NRI is graded, and the inactivation of GS is moderately ultrasensitive to input stimulus glutamine. The autoregulation of the NRII-NRI two-component system was found to be essential for the all-or-none induction of the glnALG operon. Furthermore, we show that the autoregulated two-component system modulates the total active GS by delineating the GS activity from its biosynthetic regulation. Our analysis indicates that the exclusive relationship between GS activity and its synthesis is brought about by the autoregulated two-component system. The modularity of the network endows the system to respond differently to nitrogen depending on the carbon status of the cell. Through a system-level quantification, we conclude that the discrete switch-like transcriptional response of the E. coli glnALG operon to nutrient starvation prevents the premature initiation of transcription and may represent the desperate attempt by the cell to survive in limiting conditions.
Introduction
The adaptive response of living systems to a wide array of conditions depends on the complex interplay between covalent modification cycles, allosteric interactions, feed-forward and feedback loops, and each acts as a functional element in the intracellular regulation. The different combinations of these regulatory motifs enable the cell to integrate multiple signals to evoke a specific physiological response (Koshland et al., 1982; Wolf and Arkin, 2003) . Most often, biological responses are highly nonlinear with respect to input signal displaying sigmoidal dose-response behavior (termed as ultrasensitive responses). In case of extreme nonlinearity, the dose-response curve approaches a step function in which a very small increment in the input concentration above the threshold level displays a maximum change in the output response. To get an insight into how intracellular networks operate and are regulated, it is essential to decompose the complex network into functionally separable smaller subsystems or modules (Wolf and Arkin, 2003) . Various functional modules of a biological system may exhibit different sensitivity to a given input signal depending upon the connectivity and circuit design present in the network. Theoretical models of these interconnected regulatory motifs can uncover the emergent properties, which can explain the robust adaptation of the system to ever-changing conditions and inherent regulatory design principles. Here, we present a steady-state modular approach to quantify the interconnected network of enzyme cascades, two-component phosphorelays, and an autoamplifying genetic module involved in the regulation of nitrogen starvation response in Escherichia coli. This work further addresses the need of having such an intricate regulatory design for overall response of the system during nitrogen starvation.
Nitrogen starvation response in E. coli is characterized by the increased expression of Ntr regulon. The Ntr regulon contains a large number of genes, which encode proteins, including glutamine synthetase (GS), capable of assimilating nitrogen from poor nitrogen sources in absence of ammonia (reviewed by Magasanik, 1996; Reitzer, 2003) . The glnALG operon belonging to Ntr regulon contains glnA, the structural gene for GS and glnL and glnG, the structural genes for sensor kinase NRII (NtrB), and response regulator NRI (NtrC), respectively. GS catalyzes the formation of glutamine from glutamate and ammonia. The cell utilizes glutamine and glutamate as a primary source to synthesize other nitrogenous compounds. The activity and synthesis of GS is exquisitely regulated to avoid the depletion of glutamate pool thereby preventing defects in the cellular growth (Magasanik, 1996) . The activity of GS is modulated by PII, a regulatory protein and a number of nitrogenous compounds through covalent modification cycles and cumulative feedback inhibition, respectively. The biosynthesis of GS is controlled by the two-component NRII-NRI signaling system and the autoregulated expression of glnALG operon. In the present work, we focus on this biosynthetic machinery and the regulation of GS activity by covalent modification.
The activity of GS is regulated by a closed-loop bicyclic cascade consisting of two nucleotidylylation cycles (see Fig. 1 ) (reviewed by Rhee et al., 1989; Chock Fig. 1 . Schematic of E. coli glutamine synthetase activity and genetic autoregulatory network: connecting a GS bicyclic cascade with a NRII-NRI two-component system and autoregulating glnALG operon system. Details are given in the text. These three modules are shown as different sections in the figure. The details shown in glnALG operon system are: filled arrows indicate the relative positions of the structural genes, underlined positions indicate promoters, empty boxes are NRI-binding sites, and lollipop structure represents transcriptional terminator. The symbols positive and negative represent the activation and inhibition of respective interactions. a-KG (2KG) at low concentration activates the PII role in GS adenylylation and NRII interaction, whereas at high concentration it inhibits this role. et al., 1990) . In one cycle, GS is reversibly adenylylated to its less active form and deadenylylated back to its active form by a bifunctional enzyme adenylyltransferase/adenylyl-removing enzyme (ATase/AR). In the second cycle, the regulatory protein PII is reversibly uridylylated and deuridylylated by another bifunctional enzyme uridylyltransferase/uridylyl-removing enzyme (UTase/UR). These two cycles are connected in a manner that the unmodified protein PII activates adenylylation of GS and uridylylated PII (i.e., PII-UMP) activates deadenylylation of GS, thus converting it to a Mg-dependent active form (Magasanik, 1996; . GS is a dodecameric enzyme and its subunits are adenylylated or deadenylylated independently. Under most physiological conditions GS activity is inversely proportional to the number of adenylylated subunits per dodecamer (Magasanik, 1996) . The steady-state level of GS adenylylation varies from 0 to 12 depending upon the nutritional state of the organism, primarily on glutamine and 2-ketoglutarate (2KG) concentration, the intracellular signals for nitrogen and carbon sufficiency, respectively (Senior, 1975; . Glutamine and 2KG interact allosterically with the cascade components and regulate their activity. Earlier theoretical studies have revealed that the fractional adenylylation of GS with glutamine as input signal is ultrasensitive and robust to changes in the component enzyme concentrations and system parameters (Mutalik et al., 2003) . This robust ultrasensitive response of GS bicyclic cascade is attributed to allosteric interactions of glutamine and 2-ketoglutarate, the bifunctionality of converter enzymes, and the closed-loop bicyclic cascade structure.
The glnALG operon is endowed with three promoters, glnAp1, glnAp2, and glnLp (see Fig. 1 ) (reviewed by Magasanik, 1989 Magasanik, , 1996 . The two promoters glnAp1 and glnLp are transcribed by the common 70 -RNA polymerase and provide the basal levels of GS, NRII, and NRI proteins under nitrogen excess condition (Magasanik, 1989 (Magasanik, , 1996 . The basal transcription from glnAp1 and glnLp promoters is repressed by NRI. The glnAp2 promoter is transcribed under a nitrogen-limiting condition by a specialized 54 -RNA polymerase and the phosphorylated form of transcription factor NRI (Ninfa and Magasanik, 1986; Magasanik, 1989) . The response regulator protein NRI is a part of well-studied twocomponent NRII-NRI system and its phosphorylation state is regulated by the activity of transmitter protein NRII. The sensor kinase NRII is a bifunctional enzyme as it exhibits both NRI kinase and phosphorylated-NRI phosphatase activity. Studies have suggested that the kinase activity of NRII is inhibited, while the phosphatase activity is stimulated through its allosteric interaction with an unmodified form of PII (Jiang and Ninfa, 1999) . Thus, GS adenylylation and NRI phosphorylation both are regulated by the common PII-UTase monocyclic cascade, which functions as the nitrogen and carbon sensing machinery (reviewed by . Under nitrogen starvation, that is in the absence of unmodified PII, the enzyme NRII gets autophosphorylated and transfers the phosphate group to response regulator NRI . The phosphorylated NRI appears to form a tetramer to activate the expression of the glnALG operon (and other Ntr genes), thereby enhancing the concentration of GS, NRII, and NRI proteins (Wyman et al., 1997) . This autoregulated expression of glnALG operon is downplayed by the NRI phosphatase activity of unmodified PII-NRII complex and also by the negative feedback effects of excessive NRI-phosphate levels . Thus, depending on carbon and nitrogen status of the cell protein PII regulates the adenylylation state of GS and the phosphorylation state of NRI. Unlike the constitutive PII protein, E. coli contains another PII-like protein known as GlnK expressed under nitrogen starvation condition (Van Heeswijk et al., 1996) . It has been proposed that GlnK is essential for playing the role of PII under severe nitrogen starvation . However, recent study indicates that the primary role of GlnK is to modulate the activity of the ammonia transporter AmtB and may not be involved in the regulation of glnA expression (Javelle et al., 2004) .
Like NRII-NRI regulator proteins, there are numerous two-component signaling systems in prokaryotes that mediate their own upregulation under specific conditions and are known to regulate a remarkable number of cellular functions (Parkinson and Kofoid, 1992; Stock et al., 2000) . Interestingly, under autoamplifying conditions, both two-component proteins are upregulated simultaneously, as in most instances their structural genes belong to the same operon. Autoamplifying regulatory designs such as these have been suggested as responsible for exhibiting learning behavior in organisms (Hoffer et al., 2001) and also have been attributed to switch-like responses (Raivio et al., 1999) . In addition, it has been proposed that this autoamplifying regulation could facilitate the hierarchical expression of genes present in a particular regulon Atkinson et al., 2002) .
In the context of E. coli response to nitrogen starvation, there are some intriguing questions regarding the regulatory architecture employed in the modulation of GS activity and synthesis. For example, if PII-UTase/UR cycle can sense the carbon and nitrogen signals then what may be the role of two-component system embedded between PII-UTase/UR cycle and the transcriptional machinery of the glnALG operon? Furthermore, what is the significance of having an autoregulatory design for the NRII-NRI two-component system in tandem with GS in the overall regulation of nitrogen starvation response? Though this regulatory network which links the nutritional status to gene activation represents one of the very well understood systems through molecular biology, its theoretical quantification can provide valuable insights, which can be verified experimentally. In one such attempt, it was observed that the adenylylation of GS is robust with respect to changes in enzyme concentrations involved in the GS regulatory circuit (Mutalik et al., 2003) . Recently, Bruggeman et al. (2005) performed a kinetic analysis of GS adenylylation cascade emphasizing primarily on metabolic regulatory processes. By carrying out a series of in silico experiments they calculated the redistribution of ammonium assimilation flux and proposed a possible quasi-intelligent response of the cell to environmental perturbations.
The major objective of the present work is to understand the implication of the autoamplifying NRII-NRI two-component system on the overall regulatory performance of GS system and to uncover the regulatory relationships between component enzymes involved in GS adenylylation and biosynthesis. In spirit of this objective, the interconnected network of GS bicyclic cascade, NRII-NRI two-component signaling system and an autoregulated glnALG operon system was analyzed by modular approach considering the system at steady state to input levels of glutamine and 2KG. The steady-state analysis reveals that the transcriptional output of the glnALG operon is a discrete switch-like response, while GS inactivation is moderately ultrasensitive and activation of transcriptional factor NRI is smooth and gradual to input stimulus. We propose that the autoamplifying two-component system Fig. 2 . Schematic representation of E. coli glutamine synthetase regulatory network: the entire network is made up of three different modules. Module (I) represents the GS bicyclic cascade: Nomenclature: B, free PII protein; y, 2-ketoglutarate (2KG); x, glutamine; By, PII-2KG complex; By 2 , PII-(2KG) 2 complex; By 3 , PII-(2KG) 3 complex; Py, PII-2KG-UMP complex; Py 2 , PII-(2KG) 2 -UMP complex; Py 3 , PII-(2KG) 3 -UMP complex; URx, activated uridylyl-removing enzyme (UR); U, uridylyltransferase (UTase); UTx, inactive uridylyltransferase; A, inactive ATase/AR; G, glutamine synthetase (GS); H, adenylylated GS (i.e., GS-AMP); ATBy, PII-2KG activated ATase; ATByx, glutamine activated PII-2KG and ATase complex (ATBy); ARPy, PII-UMP-2KG activated adenylyl-removing enzyme; ARPy 2 , PII-(2KG) 2 -UMP activated adenylyl-removing enzyme; ARPy 3 , PII-(2KG) 3 -UMP activated adenylyl-removing enzyme; ARPyx, ARPy 2 x and ARPy 3 x are glutamine bound inactive complexes of ARPy, ARPy 2 and ARPy 3 , respectively. Module (II) represents the NRII-NRI two-component signaling system: Nomenclature: N, free dimer NRII; I, free dimer NRI; NBy, PII-2KG-NRII complex; Np, NRII-phosphate; Ip, NRI-phosphate. Module (III) represents the autoregulated glnALG operon: D, free NRI binding sites on DNA; Ip 2 , tetramer of NRI-phosphate; DIp 2 , tetramer of NRI-phosphate bound to DNA on one binding site; DIp 2 Ip 2 , two tetramers of NRI-phosphate bound to DNA on both strong binding sites. N t , total NRII; I t , total NRI; G t , total GS; N max , maximum capacity of cell to synthesize NRII; I max , maximum capacity of cell to synthesize NRI; G max , maximum capacity of cell to synthesize GS; f gene , fractional gene expression; f p , fractional protein expression. The estimated total concentrations of GS, NRII and NRI are feedback into the respective modules to estimate the fractional gene expression, GS adenylylation, PII uridylylation and phosphorylation of NRI. Other parameters are: K 1 -K 10 , dissociation constant for allosteric interactions; m, the effect of negative cooperativity; m 1 , the effect of positive cooperativity; K m 1 -K m 6 , Michaelis-Menten constants; k a , k 11 -k 66 : reaction rates.
is responsible for the discrete switch-like transcriptional activation and is further essential for delineating the output response of the activity and synthesis module.
Methods
The simplified regulatory network of GS cascade, a NRII-NRI two-component signaling system, and the autoregulatory glnALG operon is shown in Fig. 1 . The detailed modeling framework considered in the current work is schematically shown in Fig. 2 . The concentration of metabolites ATP, UTP, and PPi are considered to be invariant. We have used the framework of Goldbeter and Koshland (1984) to model the system at steady state and accordingly an equivalent rate constant and Michaelis-Menten constant nomenclature scheme is applied. The forward and reverse covalent modification-demodification reactions are considered to be at steady state, and all protein-protein, protein-ligand, and protein-DNA interactions are assumed to be at equilibrium. The mass balance equations for total species in each module are taken into account while simulating the network. In the present work, the modules are defined and analyzed based on following biologically motivated criteria. A commonly employed strategy for defining modules in an intricate network is to identify the parts (units or modules) that do not share significant mass flow with other parts of the system. Such a decomposition of network into sub-modules allows an independent analysis of sub-modules from the system and greatly reduces the complexity of the analysis without losing the biological information. In this work, while simulating each module, it was assumed that the mass balances relationships do not involve intermediates (complexes) that belong to a different module.
The regulatory network of GS closed-loop bicyclic cascade considered here is similar to that described in Mutalik et al. (2003) , without the two-component and synthesis modules. In summary, homotrimeric protein PII senses the carbon signal by directly binding to 2KG (Fig. 2) . The binding of three molecules of 2KG to individual PII subunits follows negative cooperativity (Kamberov et al., 1995) . 2KG-bound PII species can undergo uridylylation and deuridylylation reaction catalyzed by UTase/UR bifunctional enzyme, respectively, while unbound PII species cannot be uridylylated (Jiang et al., 1998a) . The unmodified PII bound with only one 2KG molecule is assumed to stimulate ATase for GS adenylylation, while uridylylated PII activates ATase (adenylyl removing activity) to deadenylylate GS (Jiang et al., 1998b) . Glutamine inhibits uridylylation of PII and deadenylylation of GS, whereas, it stimulates deuridylylation of PII-UMP and adenylylation of GS by an allosteric interaction with the bifunctional converter enzymes .
The kinase/phosphatase transmitter protein NRII and response regulator NRI belong to a two-component signaling system that connects the starvation signals to the transcriptional activation of Ntr regulon (Magasanik, 1989 (Magasanik, , 1996 . The phosphorylated NRI acts as a transcriptional activator and initiates the expression of glnALG operon. NRII protein can phosphorylate and dephosphorylate NRI protein and this bifunctional activity depends on the modification state of PII (Fig. 1) . In absence of unmodified PII, NRII gets autophosphorylated and transfers the phosphate group to its cognate response regulator NRI, which further imparts its role as a transcriptional activator (Jiang et al., 1998c) . The NRII protein also catalyzes the dephosphorylation of NRI in the presence of unmodified PII protein. The unmodified PII protein not only stimulates NRII phosphatase activity, but also inhibits its autokinase activity . The uridylylated PII does not interact with NRII and the ability of deuridylylated PII to regulate NRII is dependent on the allosteric interaction of PII with 2KG. The activity of NRII protein is unaffected by free PII and under such conditions the kinase activity of NRII is dominant . At low 2KG concentration, PII trimers bound with a single 2KG molecule interact with NRII to inhibit its kinase activity and activate its phosphatase activity, whereas, PII bound with an additional 2KG molecule at high 2KG concentration is unable to stimulate the phosphatase activity of NRII protein .
Previous studies have shown that phosphorylation of NRI is followed by the formation of NRI-phosphate oligomers and their subsequent cooperative binding to two high affinity sites upstream of the glnAp2 promoter (Weiss et al., 1992; Wyman et al., 1997; Sevenich et al., 1998) . This formation of oligomers of NRI-phosphate, which are probably tetramers or octamers and their cooperative binding to two adjacent sites, is required for the full activation of transcription (Reitzer and Magasanik, 1985; Wyman et al., 1997) . In the present work, we have assumed that phosphorylated NRI forms tetramer and then binds cooperatively to two strong binding sites (Fig. 2) .
In summary, at a particular concentration of input glutamine and 2KG to the GS bicyclic cascade module, outputs are fractional adenylylation of GS and the formation of PII-2KG species. This PII-2KG concentration acts as an input to the NRII-NRI module by interacting with NRII protein and dephosphorylating NRI-phosphate. The output of this twocomponent system is the fractional phosphorylation of transcription factor NRI, which further acts as an input to the subsequent gene activation module. The final output response of gene activation module is represented by fractional expression of glnALG operon.
The fractional formation of uridylylated PII (f PII ), adenylylated GS (f GS ), phosphorylated NRI (f NRIp ), and fractional expression of glnALG operon (f gene ) are described as:
where D(NRIp) 2 (NRIp) 2 represents a complex between NRIphosphate tetramers with two strong binding sites on the upstream of glnAp2 promoter, while D total is the total enhancer sites. The co-response coefficient of fractional translation in E. coli is assumed to be one, indicating a linear relationship between fractional transcription (f gene ) and fractional protein expression (f p ) (Lee and Bailey, 1984) . Thus, the synthesis of GS, NRII, and NRI proteins can be described by,
where GS max , NRII max , and NRI max represent the maximum GS, NRII, and NRI protein synthesizing capacity of the cell, respectively, and f p is the fractional protein expression. Thus the final output response of the gene activation module (f gene and f p ) is used to estimate the total concentration of all three proteins and is fedback into upstream modules (GS cascade and NRII-NRI system). Experimental studies have shown that in E. coli cells grown under nitrogen sufficiency, the glnALG genes are organized as separate glnA and glnLG units of transcription through the regulation of promoter glnAp1 and glnLp. However, in cells grown under nitrogen deficiency, glnALG genes function as a 'single glnALG operon' regulated at glnAp2 promoter (Magasanik, 1996 (Magasanik, , 1989 . The initiation of transcription at glnAp2 results in greatly increased transcription of the entire glnALG operon and eventually in a greatly increased intracellular concentration of GS, NRII, and of NRI. The actual number of GS molecules per cell is, however, much greater than that of molecules of NRI, in part because of the termination of many transcripts originating at glnAp2 at the terminator located between glnA and glnL (Magasanik, 1989; . In the present work we have considered that expression of glnALG genes function as a single operon. Therefore, an equivalent fractional protein expression was used for GS, NRII, and NRI. However, the synthesis of different levels of these proteins is incorporated through the different values of NRII max , NRI max , and GS max thus, capturing the differential expression of glnALG genes. At steady state, the total concentration of active GS depends on the fraction of unadenylylated GS and total GS synthesized and can be represented as,
The GS regulatory network shown in Fig. 1 (and Fig. 2 ) may represent a simplified description of the actual reaction network involved in the nitrogen starvation response in E. coli. Without affecting the overall mechanistic performance of the system, there are few details omitted from the current work. These include the cumulative feedback inhibitions of GS by its end products, regulatory role of GlnK protein, multiple modification cycles, phosphorylation of NRI by low-molecular-weight donors such as acetyl phosphate and basal transcription of glnALG operon. However, the output response of the regulatory structure shown in Fig. 2 correlates with the known steady-state responses of the system.
The steady-state equations for covalent modification cycles, equilibrium relationships for allosteric interactions and mass balance equations for total species are listed in the Appendix A. These nonlinear algebraic equations were solved numerically using fsolve program of Matlab (The MathWorks Inc. USA). The accuracy of the simulation was verified at each stage by numerically checking the mass balance of all species. The simulations were carried out for estimating the fractions of uridylylated PII, adenylyted GS, phosphorylated NRI protein, and fractional protein expression at particular glutamine and 2KG concentration. The steepness of the dose/response Jiang and Ninfa (1999) Dissociation constants Weiss et al. (1992) Michaelis-Menten constants Fig. 6] curves was approximated by the Hill coefficient. The modular steady-state solution strategy employed in this work is detailed in Fig. A.1 of Appendix A. The parameter set including concentrations and most of kinetic/equilibrium constants used in the simulations were taken from literature and are given (Table 1) . The estimated reaction rate parameters and Michaelis-Menten constants were individually varied over a wide range to analyze the system response (see Appendix A). The physiologically relevant parameters were selected which matched with reported experimental observation. The enzyme concentrations are referred from the work of Jiang et al. (1998a Jiang et al. ( , 1998b Jiang et al. ( , 1998c , Magasanik (1989 Magasanik ( , 1996 and Rhee et al. (1989) .
Results

Predictive response curves for modification state of PII, GS, NRI, and NRII
The steady-state model was used to obtain the dose-response curves of fractional output of each module, i.e., fractional uridylylation of PII, adenylylation of GS, phosphorylation of NRI, and fractional gene expression profiles at various glutamine and 2KG concentrations as input signals. Fig. 3A shows the effect of glutamine concentration on the fractional modification of GS. The dose-response curve of fractional adenylylation of GS was ultrasensitive to glutamine levels with the Hill coefficient of 2. At any fixed concentration of 2KG, the fractional adenylylation of GS increases with increase in glutamine concentration (Fig. 3A) . While, at a fixed concentration of glutamine, the fractional adenylylation decreases as the concentration of 2KG is increased (results not shown). The half saturation constant, which quantifies the concentration of glutamine required for 50% modification, increases with increase in 2KG concentration. These results are in agreement with our earlier theoretical work, in which the total GS concentration was varied independently (Mutalik et al., 2003) . In the present work, the activity of GS is regulated in tandem with its synthesis at a particular glutamine concentration. Fig. 3B shows the effect of glutamine concentration on fractional uridylylation of PII and phosphoryla- tion of NRI at different 2KG concentrations. The dose-response curve of fractional uridylylation of PII and fractional phosphorylation of NRI at various glutamine concentrations was found to be hyperbolic (Hill coefficient ∼1). The uridylylated state of PII is dependent primarily on glutamine concentration and is not influenced by 2KG concentration in the physiological range (curves g, Fig. 3B ). However, the phosphorylation state of NRI is influenced by both glutamine and 2KG levels (curves a-f, Fig. 3B ). Unlike as observed for GS adenylylation (Fig. 3A) , the fractional phosphorylation of NRI decreases with increasing glutamine concentration (Fig. 3B ), but increases with increasing 2KG levels (Fig. 3C) . This shows the antagonistic influence of 2KG and glutamine concentration on the accumulation of NRI-phosphate. Fig. 3B and C shows that the half-saturation constant of fractional NRI phosphorylation increases with increasing 2KG and glutamine concentration, respectively. Thus, although 2KG did not affect the PII uridylylation state, it influenced the extent of NRI phosphorylation. The threshold activation of NRI and uridylylation of PII is shown explicitly in Fig. 3D by plotting the fractional phosphorylation of NRI against the uridylylated fraction of PII. It can be seen that NRI is phosphorylated only when PII is mostly converted to its uridylylated form demonstrating the inverse relationship between the covalent modifications of both proteins. We observe that this inverse relationship is more pronounced at low 2KG concentration than at higher concentration of 2KG.
Switch-like induction of glnALG operon system
As the phosphorylation state of NRI is dependent on the modification state of PII at particular glutamine and 2KG concentrations, the expression of the glnALG operon is also expected to be regulated by these effectors. Fig. 4A shows the effect of glutamine on induction of the glnALG operon at various 2KG concentrations. The dose-response curves of fractional gene expression at various glutamine concentrations and a fixed 2KG level exhibit a discrete switch-like response. This indicates that the transcriptional activation resides in two exclusive steady states (either 'on' or 'off') brought about by the autoamplification of NRII and NRI of two-component system, which functions as a positive feedback loop. This was verified by eliminating the autoregulatory loop, wherein the fixed concentration of NRII and NRI regulate the two-component system and is not influenced by the expression level of glnL and glnG. In the absence of this positive feedback loop the expression of the glnALG operon was found to be ultrasensitive to glutamine concentration (with Hill coefficient ∼3) and did not show a switch-like behavior (results not shown). We also found that this ultrasensitive response was due to nonlinearity imparted by tetramerization and cooperative binding of NRI-phosphate to the high affinity sites on promoter glnAp2 (results not shown).
In the presence of the NRII-NRI autoregulatory loop the threshold concentration of glutamine required to switchoff the response increases with increasing 2KG concentration (Fig. 4A) . Thus, for example, at 100 M 2KG, the glutamine required to switchoff the response is about 90-100 M (curve c, Fig. 4A ), while at 900 M 2KG, about 4000 M glutamine is required for the same effect (curve f, Fig. 4A ). The effect of 2KG on fractional induction demonstrated a similar threshold response requiring higher 2KG concentration to switchon the expression of glnALG operon at higher glutamine concentration (results not shown). In the present study, as we have omitted the regulation of the basal transcription, the switchoff state may represent the basal expression state of glnALG under a nitrogen-excess condition. Additional simulations were conducted with elevated maximum concentration of NRII or NRI (i.e., NRII max or NRI max ) and found that the fractional expression response was robustly switch-like when NRI was more abundant than NRII (results not shown).
Regulation of total active GS concentration
The effect of glutamine on total active GS concentration, that is, the deadenylylated fraction of total GS synthesized (Eq. (3)) at various 2KG concentration is shown in Fig. 4B . The activity of GS is regulated by adenylylation reaction up to a particular glutamine concentration, beyond which the GS synthesis is switchedoff (Fig. 4B) . Additional simulations were done to understand this transition between GS synthesis and its adenylylation state. It was observed that this switch-like transition was not detected under the following circuit designs: (i) in the absence of NRII and NRI autoregulation; (ii) PII expression is autoregulated along with the glnALG operon system; (iii) if PII protein acts as a transcriptional repressor in the absence of a NRII-NRI two-component system (results not shown).
Since PII-2KG acts as a common mediator in the activation of GS adenylylation and NRI-phosphate dephosphorylation we estimated its concentration during this transition. Our quantification indicates that this transition between modulating the GS activity to the regulation of GS synthesis occurs at about a PII-2KG concentration of 0.006 M. Higher amount of glutamine is required to attain this critical concentration of PII-2KG at higher 2KG levels. This implies that at lower 2KG concentrations, the level of total active GS is regulated mainly through the modulation of GS synthesis rather than its adenylylation state, whereas at higher 2KG concentrations this regulation is due to the adenylylation of GS. This can be seen clearly in Fig. 5A , which shows the effect of glutamine on the absolute concentration of adenylylated GS at various 2KG concentrations. This adenylylation profile of GS can be interpreted by referring to the fractional adenylylation and fractional expression shown in Figs. 3A and 4A, respectively. At any fixed concentration of 2KG, adenylylation of GS occurs at a lower glutamine concentration than that is required to switchoff the glnALG expression. Thus, GS gets adenylylated first and further the gene expression is switchedoff at a fixed 2KG concentration, while glutamine concentration is increased. This causes a steep fall in the level of the adenylylated form of GS (Fig. 5A ). This increase in the adenylylation of GS and its abrupt fall is due to different threshold amounts of PII-2KG required for the onset of adenylylation and repression of gene expression.
Biphasic accumulation of PII-2KG
As the concentration of PII-2KG is found to be critical for the overall operation of the GS regulatory network, we analyzed the effect of glutamine and 2KG concentration on accumulation of PII-2KG. The effect of 2KG on PII-2KG formation at various concentration of glutamine is shown in Fig. 5B . The accumulation of PII-2KG shows a biphasic response with respect to 2KG concentration. The PII-2KG accumulation increases initially at low 2KG concentration, reaches an optimum level between 6 and 15 M 2KG and then decreases as the concentration of 2KG increases further. This biphasic behavior is attributed mainly to the formation of different levels of unmodified PII, PII-2KG, PII-(2KG)2, and PII-(2KG)3 species and their respective uridylylated forms depending on glutamine and 2KG concentration. Fig. 5B also shows that a specific concentration of glutamine and 2KG is required to switchon glnALG expression such that the critical concentration of PII-2KG is just below 0.006 M (the concentration at which the gene expression is shutoff). We confirmed these results by considering a different set of system parameters to avoid any ambiguities in choosing a particular parameter set (Fig. 6) .
In silico analysis of PII, ATase and UTase/UR overexpression
The steady-state model was further used to study the effect of overexpression of constitutive regulatory proteins, PII, ATase, and UTase/UR on the induction of the glnALG operon (Figs. 7-9) . Each of these simulations was performed at a fixed 100 M 2KG concentration, which is at the lower end of physiological levels of 2KG in E. coli. The simulation results indicated that when PII is underexpressed the gene expression is switchedoff at a higher glutamine concentration, whereas when PII is overexpressed, the gene expression is switchedoff at a lower concentration of glutamine ( Fig. 7(A) ). This indicates that at physiological concentration of 2KG (100-900 M), underexpression of PII results in the starvation response even under nitrogen sufficiency. The steepness and half saturation constant of fractional adenylylation of GS was, however, unaffected at these PII concentrations (results not shown). We further observed that, at high PII concentration the level of total active GS is regulated mainly through the synthesis of GS, while at low PII concentration the total active GS is regulated through adenylylation (Fig. 7(B) ). The simulation results also revealed that when ATase or UTase/UR is overexpressed, the induction of the glnALG operon is always switchedon, indicating that in such a case the cell fails to sense the nitrogen limiting condi- Fig. 7 . In silico analysis of PII overexpression: the dashed line indicates the unstable steady state. (A) The effect of PII and glutamine concentrations on the fractional expression of glnALG operon at a fixed 2KG concentration of 100 M. PII concentration was independently varied from 0.05 to 50 M. When PII is overexpressed GS regulatory system becomes insensitive to nitrogen-starvation, while underexpression of PII causes starvation response even under nitrogen sufficiency. It can be noted that half saturation constant decreases, as PII concentration is increased. (B) Effect of PII and glutamine concentration on total active GS at 2KG concentration of 100 M. When PII is underexpressed, total active GS is regulated by adenylylation while when PII is overexpressed, total active GS is regulated by synthesis. Fig. 8 . In silico analysis of UTase/UR overexpression: the dashed line indicates the unstable steady state. (A) Effect of UTase/UR and glutamine concentration on fractional expression at fixed 2KG concentration of 100 M. UTase/UR concentration was independently varied from 0.004 to 25 M. When UTase/UR overexpressed GS regulatory system becomes insensitive to nitrogen-sufficiency. It can be noted that half saturation constant increases, as UTase/UR concentration is increased. (B) Effect of UTase/UR and glutamine concentration on total active GS at 2KG concentration of 100 M. When UTase/UR is under-expressed, total active GS is regulated by synthesis while when UTase/UR is overexpressed, total active GS is regulated mainly by adenylylation.
tion (Figs. 8(A) and 9(A) ). Thus, even under nitrogen sufficiency the cell produces NRII, NRI, and GS at high levels. Under such conditions, the concentration of total active GS is regulated mainly by the adenylylation reaction (Figs. 8(B) and 9(B) ).
Discussion
Differential sensitivity of functional modules in GS regulatory system
The signaling system involved in the regulation of E. coli GS biosynthesis and activity represents an inter- Fig. 9 . In silico analysis of ATase overexpression: the dashed line indicates the unstable steady state. (A) Effect of ATase and glutamine concentration on fractional expression at fixed 2KG concentration of 100 . ATase concentration was independently varied from 0.01 to 25 M. When ATase is overexpressed GS regulatory system becomes insensitive to nitrogen-sufficiency. It can be noted that half saturation constant increases, as ATase concentration is increased. (B) Effect of ATase and glutamine concentration on total active GS at 2KG concentration of 100 M. When ATase is under-expressed, total active GS is regulated by synthesis while when PII is overexpressed, total active GS is regulated mainly by adenylylation.
connected circuit of three different functionally defined modules, namely, GS closed-loop bicyclic cascade, NRII-NRI two-component system, and an autoregulated glnALG operon (Magasanik, 1996; . In this work we model this regulatory network at steady state, with the objective of uncovering the regulatory design principles involved in the system-level response to primary signals. Our simulation results indicate that these three interconnected regulatory modules exhibit different sensitivities to the primary stimulus glutamine. The transcriptional activation of glnALG operon displays a highly switch-like response indicating the presence of two stable states, with either GS synthesis switched-on or off (Fig. 4A) . This all-or-none phenomenon can be ascribed to the autoregulated NRII-NRI two-component signaling system. Our analysis shows that in absence of autoregulation of NRII and NRI proteins, the induction of the glnALG operon was ultrasensitive to glutamine (Hill coefficient ∼3) and did not show a discrete switch-like response (results not shown). The ultrasensitivity observed was found to be due to nonlinearity imparted by the tetramerization and cooperative binding of NRI-phosphate to its strong-binding sites on glnAp2 promoter (results not shown). This result indicates that the autoregulatory circuit and the embedded nonlinearity are essential for digital transcriptional output response. The fractional adenylylation of GS is found to be robustly ultrasensitive (Fig. 3A) and can be attributed to bifunctional converter enzymes, allosteric interactions of glutamine and 2KG with converter enzymes, and closedloop bicyclic cascade structure (Mutalik et al., 2003) . The output response of the NRII-NRI two-component system (i.e., phosphorylated NRI) is observed to be hyperbolic with a Hill coefficient of one and possibly attributed to the hyperbolic response of PII-UTase monocyclic cascade to input levels of glutamine and 2KG (Fig. 3B) . Although the PII-UTase/UR monocycle acts as common sensing machinery for both transcriptional activation of the glnALG operon and covalent modification cycle of GS, this dissimilar output response of three modules can be attributed to the inherent regulatory design prevalent in GS signaling system.
Modulation of total active GS
Depending on the carbon and nitrogen status of the cell, the concentration of total active GS is influenced by its biosynthetic control and/or regulation of activity. Our results indicate that this transition from biosynthesis to adenylylation is dependent primarily on PII-2KG concentration and is modulated by glutamine and 2KG levels, and also by parameters affecting the phosphorylation state of NRI (Fig. 6) . Furthermore, this analysis shows that the regulation through synthesis and activity of GS are mutually exclusive phenomena although both have a common sensing mechanism in the form of PII-2KG levels. An interesting feature of this regulation is the difference in the sensitivity of GS adenylylation and NRI-phosphate dephosphorylation to PII-2KG levels. Thus the independent relationship between synthesis and activity of GS is caused mainly by the presence of a NRII-NRI two-component system as a connecting module between the transcriptional activation and bicyclic cascade of GS. The fractional adenylylation of GS is found to be robust to changes in the total concentration of GS and which may help in demonstrating this independent relationship. Accordingly, as seen in Fig. 4B , the concentration of total active GS can be represented by a multiplicative product of two separate functionalities for synthesis and adenylylation state of GS as described below.
where, k 1 and k 2 are half-saturation constants for the fractional deadenylylation of GS and the fractional protein expression, respectively and are mainly dependent on 2KG concentration. The exponents 2 and 200 represent approximate Hill coefficients for the dose-response curves of fractional deadenylylation and transcriptional response to glutamine concentration, respectively. The response of total active GS obtained from Eq. (4) matches with the simulation result shown in Fig. 4B . The main advantage of having a two-component system is to obtain a response with varying sensitivity to glutamine at different 2KG levels. Thus at low 2KG concentration, as glutamine concentration is increased above a threshold level, the total active GS is regulated primarily by shuttingoff GS synthesis (with Hill coefficient >200, essentially representing a step function), whereas, at high 2KG concentration, the total active GS is regulated mainly by adenylylation (with Hill coefficient of about 2). Intermediate sensitivity between a Hill coefficient of 2 and 200 can be obtained at different concentrations of 2KG as represented by Eq. (4) and shown in Table 2 . This switchlike transition between synthesis and adenylylation was not observed when (i) autoregulation of NRII and NRI was not considered; (ii) expression of PII is autoregulated along with NRII, NRI and GS; (iii) PII acts directly as a transcriptional repressor in the absence of a NRII-NRI two-component system (results not shown). In summary, our analysis indicates that the two-component system is Table 2 Effect of glutamine and 2KG on concentration of total active GS (see Fig. 4B responsible for separating the regulation through adenylylation and transcriptional control, while autoregulation imparts switch-like discontinuous response to synthesis of GS. To the best of our knowledge, this is the first theoretical demonstration on the system-level performance of a two-component regulatory module acting as a buffer between the signal integrating and execution module.
Correlating theoretical predictions with experimental data
Our results are consistent with various reported experimental observations (summarized below) and therefore validate the theoretical predictions. (i) The dose-response curve of GS adenylylation is ultrasensitive, whereas, the phosphorylation of NRI is graded to input glutamine concentration ( Fig. 3A and B) . Such a graded-hyperbolic response of NRI phosphorylation to the decreasing glutamine concentration has been postulated by to be essential for sequential activation of various promoters of Ntr regulon (thus showing a hierarchical expression). The ultrasensitive response of GS cascade is a characteristic behavior of enzyme cascades made up of bifunctional converter enzymes and their allosteric regulation. This enhanced sensitivity can also attributed to the progressive increase in enzyme concentration down the cascade (Senior, 1975; Chock and Stadtman, 1977; Mutalik et al., 2003 Mutalik et al., , 2004 . (ii) Our analysis indicates that the phosphorylation of NRI is increased with increasing 2KG concentration and decreased with increasing glutamine concentration ( Fig. 3B and C ). This inverse relationship is brought about by the modification state of PII and its allosteric interaction with 2KG. These results are consistent with Jiang et al. (1998c) observing that glutamine and 2KG antagonistically regulate the phosphorylation state of NRI. (iii) The simulation results also reproduce the experimental observations that the appreciable level of phosphorylated NRI cannot be observed unless PII is converted entirely to its uridylylated form (Jiang et al., 1998c) . We observe that this antagonism appears to be compromised at higher 2KG levels (Fig. 3D) . (iv) The accumulation of PII2KG at fixed PII and glutamine concentration and at various concentrations of 2KG shows a biphasic behavior reaching an optimum level at 6-15 M 2KG (Fig. 5B ). According to Jiang et al. (1998a) , the effect of 2KG concentration on the initial rate of GS adenylylation showed a biphasic response with optimal 2KG concentration of about 16 M. (v) The steady-state model predicts that there appears to be a specific ratio of NRII to NRI (sensor kinase to response regulator) that is required for the efficient operation of a two-component signaling system, with NRI being more abundant than NRII protein (Liu and Magasanik, 1995) . Under such a condition, variations in NRII protein concentration do not affect the phosphorylation state of NRI and its subsequent role as a transcriptional activator (results not shown). These observations are consistent with the recent experimental report that EnvZ-OmpR two-component circuit involved in signaling of extracellular osmolarity exhibits a robust response to variations in EnvZ and OmpR levels, when response regulator OmpR is much more abundant than its bifunctional partner EnvZ (Batchelor and Goulian, 2003) . (vi) According to Van Heeswijk (1998) , the in vivo modulation of PII concentration had no effect on the fractional adenylylation of GS. Our results are consistent with these studies and also predict that at elevated concentration of PII, the cell may not sense the nitrogen starvation as the glnALG operon is switched off at very low glutamine concentration (Fig. 7) . (vii) The simulation results presented here (Figs. 8(A) and 9(A)) comply with the reported experimental observations that the expression of GS is elevated even under nitrogen excess conditions when UTase/UR or ATase is overexpressed (Rhee et al., 1985; . We determined the concentration of complexes formed during this analysis and found that PII-2KG is sequestered with ATase or UTase/UR and therefore, is not available in sufficient quantity for the dephosphorylation of NRI-phosphate to regulate the expression.
Assumptions in theoretical modeling
The steady-state model presented here considers a simplistic representation of a GS regulatory network (shown in Figs. 1 and 2 ). In reality, this nitrogen assimilating system is made up of intricate regulation at the level of signaling, gene expression, and metabolic processes (Rhee et al., 1989; Magasanik, 1989 Magasanik, , 1996 Reitzer, 2003; . The inclusion of every detail in the model is a difficult task due to the unavailability of quantitative physiological data. Therefore, some of the details were neglected in the current work and appropriate assumptions were made. For example, in this work we assume that the level of metabolites like ATP and ADP are invariant. Though this assumption may appear to be unrealistic under nutrient starvation conditions, there is a lack of coherent experimental data on the effect of ATP on GS adenylylation under nitrogen starvation. However, our assumption seems to be valid since it is known that the level of nucleoside triphosphate pool is considerably robust in E. coli under different growth conditions (Petersen and Møller, 2000) and covalent modification cycles consume a negligible level of total cellular energy flux (Shacter et al., 1984) . Similarly, we assume that under nitrogen starvation, 54 is readily available to aid the transcription from the glnAp2 promoter since the exact relationship between 54 availability and its probable competition with 70 for RNA polymerase under nutrient limitation is not yet defined completely. Thus, the scarcity of quantitative in vivo experimental data and incomplete mechanistic information demand model building with appropriate assumptions. The inclusion of mechanistic details in the model also depends on the specific biological questions we are addressing and it is often advantageous to focus on the system-level response while neglecting the molecular details wherever possible (Bornholdt, 2005) . Through one such attempt, we have tried to understand the implication of an autoamplifying NRII-NRI two-component system on the GS regulatory network. As detailed earlier, our model predictions are in agreement with known physiological response of the system.
Concluding remarks: biological speculation
Like the NRII-NRI system, E. coli contains numerous two-component signaling systems mediating their own upregulation under specific conditions (Parkinson and Kofoid, 1992; Stock et al., 2000; Bijlsma and Groisman, 2003) . The transcription machinery of such autoamplifying two-component systems typically contains a constitutive promoter to provide a basal level of proteins and an autoregulated promoter to respond when conditions demand (Bijlsma and Groisman, 2003) . Thus under nitrogen excess conditions, basal levels of NRII, NRI, and GS are produced, while under nitrogen starvation conditions, their expression is amplified. One of the pertinent questions is what may be the significance of having autoregulation of both NRII and NRI proteins? Our simulation results predict that for a switch-like transcriptional activation, only the autoregulation of NRI is sufficient (results not shown), thus raising a question regarding the up-regulation of NRII. The answer can be found in the overexpression studies of ATase (another target protein of PII-2KG), wherein glnA is constitutively expressed making the PII signaling redundant (Fig. 8) . Similarly, the amplification of NRII may be required under nitrogen starvation conditions in tandem with NRI to overcome the repressive effects of PII on glnA expression. Further, by having glnL and glnG on the same autoregulated operon helps in maintaining a fixed ratio between concentrations of NRII and NRI.
Autoregulation or positive feedback loop is a common regulatory design observed in many signaling and genetic regulatory networks (Ferrell and Machleder, 1998; Laurent and Kellershohn, 1999; Ferrell, 2002; Xiong and Ferrell, 2003; Giri et al., 2004) . Positive feedback loops or double-negative feedback loops embedded with nonlinearity have been attributed to generate emergent properties such as bistability or hysteresis and are often associated with the memory of transient stimulus (Laurent and Kellershohn, 1999; Xiong and Ferrell, 2003) . Bistable response is also known as a true switch, in which the system flips between two stable steady states without settling in an intermediate state (Ferrell, 2002) . Typically, such switch-like responses are commonly observed in cellular systems deciding the alternative developmental fates (Ferrell and Machleder, 1998; Xiong and Ferrell, 2003) . Our results indicate that the NRII-NRI two-component autoregulatory circuit has the potential (positive feedback loop and nonlinearity in absence of feedback loop) to exhibit properties of a true switch in the induction of glnALG operon.
Does the induction of a glnAp2 promoter really show an all-or-none response inside the cell? There are contradictory reports on this prediction showing an intermediate level of GS expression under certain conditions (Reitzer, 2003) . However, there are also reports on the possibility of 'memory' (or bistability/multistability) in the nitrogen assimilatory circuit of E. coli (Majewski and Domach, 1990) . Notably, these studies were carried out on an ensemble of cells and may not necessarily represent the situation of single-cell behavior to nitrogen starvation. We propose that to uncover the switch-like mechanism in the induction of glnALG operon system and to understand the importance of the NRII-NRI two-component system, single-cell studies are essential. What may be the significance of such all-or-none induction of nitrogen starvation response? We hypothesize that the all-or-none response observed in the induction of glnALG may be helpful to filter out the smaller or transient fluctuations in glutamine levels and induce the full expression only when severe nitrogen starvation is sensed in coordination with intracellular carbon status. Cells appear to utilize such regulatory phenomenon often, for timely amplification of the expression and to initiate activity of necessary proteins to combat unfavorable conditions. The co-response coefficient of fractional translation in E. coli is assumed to be one, indicating a linear relationship between fractional transcription (f gene ) and fractional protein expression (f p ) (Lee and Bailey, 1984) .
The synthesis of total GS, NRII, and NRI proteins can be described as,
where, G max , N max , and I max represent the maximum GS, NRII, and NRI protein synthesizing capacity of the cell, respectively.
• Response sensitivity
The response sensitivity is described in terms of a Hill coefficient quantified by estimating the primary input concentration required for 10-90% modification of target enzyme, by using the following equation, n H = log(81) log(I 0.9 /I 0.1 ) where, I 0.1 and I 0.9 are input concentrations required for 10-90% modification of the target enzyme and n H is the apparent Hill coefficient.
